Abstract-The performance of on-chip gas sensors using absorption spectroscopy are currently limited by the small overlap and reduced interaction length between the light and the analyte. Here, the use of slow-light in subwavelength grating (SWG) waveguide integrated on a silicon photonic chip is proposed to improve methane sensing by tunable diode laser absorption spectroscopy in the near infrared. Such SWG waveguide increases the interaction by two means. First, close to the photonic bandgap edge, a SWG waveguide no longer acts as a metamaterial with a homogeneous index, but rather as a 1D photonic crystal in which slow-light effect enhances the light-analyte interaction. Second, the subwavelength segmentation of the waveguide increases the modal overlap with the air. These two enhancement mechanisms results in a six-fold improvement of the interaction with respect to strip waveguides. In this paper, we discuss how to engineer the group index of SWG waveguides to exploit slow-light effect for the first time. Design guidelines for minimizing propagation loss and disorder effect are discussed considering limitations of typical fabrication processes. SWG waveguides could improve the sensitivity and the limit of detection of on-chip trace-gas sensors that provide a compact, fabrication tolerant, inexpensive, and selective sensing technology.
gas when the concentration in the air ranges from 5% to 15% and, consequently, other sensing applications of CH 4 include the detection of leakage in the natural gas industry [4] , [5] and hazardous emissions in coal mines [6] . Another field of application includes, for example, breath gas analysis for the detection of intestinal problems or colonic fermentation [7] .
In recent years, the use of silicon photonics for chemical and bio-molecule sensing applications has generated increased interest [8] [9] [10] [11] . The silicon-on-insulator (SOI) platform is an optical alignment-free, scalable, and low-cost solution compatible with the complementary metal oxide (CMOS) fabrication process for on-chip integration. Also, the small size, weight and power constraints for remote applications are obviously respected for on-chip sensors, opening the path to cheap sensor network [12] deployment for real-time monitoring of CH 4 level and localization of fugitive emissions over large areas.
Tunable diode laser absorption spectroscopy (TDLAS) is a detection method that offers a rapid, direct and selective technique to measure the concentration of methane [13] . An on-chip TDLAS system comprises a laser, an intrinsic sensing waveguide and a photodetector. Here, we focus on the improvement of the waveguide for sensing methane using the near-IR absorption line at λ = 1651 nm, which is the 2ν 3 overtone of the rotational-vibrational band. This choice is motivated by the simplicity and lower cost of the laser and detector at this wavelength compared to mid-IR sensing.
The use of TDLAS for methane detection on a CMOScompatible silicon photonic chip using a strip waveguide and the TM 0 mode evanescent field has been shown recently to enable compact, scalable and low-cost methane sensing for fugitive leak detection [14] . However, a strip waveguide offers a small and limited interaction factor, which is a dimensionless parameter that can be understood as the ratio between the interaction of the light and the analyte in a waveguide compared to freespace transmission over the same propagation length. Because the on-chip miniaturization of the system and the propagation loss both limit the interaction length, the resulting limit of detection is too high for some applications, such as measuring the methane background level (∼1.8 ppm) for environmental modeling [15] .
To increase the fraction of light interacting with the analyte, slot waveguides [16] , [17] have been proposed, but the increased overlap of the electric field with the waveguide sidewalls amplifies the scattering propagation loss caused by the sidewall roughness. This drawback limits the sensitivity and the limit of detection of the sensors. Similarly, slow-light enhanced absorption of the Beer-Lambert law was investigated using conventional photonic crystal waveguides [18] [19] [20] . Although an interaction factor of γ = 2.6-3.5 was reported for slow-light 2D photonic crystals [21] , photonic crystal-based sensor performances are limited by high propagation loss (e.g., 150 dB/cm in [21] ) and are susceptible to fabrication errors that easily detune the devices from their optimal operating point [22] .
Here, we propose to use a segmented subwavelength grating (SWG) waveguide to achieve a higher sensitivity and a lower limit of detection in absorption-based sensing. Fig. 1 shows the geometry of a typical silicon on insulator strip waveguide ( Fig. 1(a) ) and of a SWG waveguide ( Fig. 1(b) ). In both cases, the standard waveguide height is 220 nm. The typical width is w = 500-600 nm for singlemode strip waveguides. The SWG waveguide consists of periodic rectangular pillars of silicon. Although its simple structure is easy to fabricate, it enables more degrees of freedom to engineer the modal properties by tailoring its width, period, and duty-cycle (ratio of the length of the silicon pillar and the period).
SWG waveguides have already been demonstrated for sensing [23] [24] [25] , but the proposed sensing method detected the refractive index change of the air cladding by monitoring the resonant wavelength shift of a resonator structure. This approach lacks selectivity and, furthermore, the waveguide designs operated in the deep-subwavelength region, where the slow-light effect does not occur and does not increase the sensitivity of the sensor.
In this paper, we design SWG waveguides in order to optimize the overall sensor response taking into account the increased evanescent field overlap with the analyte, the slow-light enhancement of the absorption and the low propagation loss. This type of waveguide, demonstrated in [26] , [27] , has attracted a lot of attention because of the possibility to engineer the properties of the metamaterial waveguides such as the effective refractive index, the mode profile [24] , [28] [29] [30] [31] and the dispersion [32] , [33] . In particular, we examine how SWG waveguides can increase the group index of the propagating mode when operated below the Bragg resonance, i.e., when the operating wavelength is longer than the Bragg wavelength. In this subwavelength regime, the light propagates in the periodically segmented waveguide as Bloch modes [34] , which can be described according to the Bloch theorem [35] that takes into account the periodic modulation of the medium. This paper is structured as follows. In Section II, the BeerLambert law is used to define the interaction factor that will quantify the sensing enhancement resulting from the slowlight effect and increased overlap of the field with the analyte. Section III discusses the constraints of the CMOS fabrication process that must be taken into account in the design and optimization of low-loss SWG waveguides. Section IV gives details about the methodology of the simulations. We present simulation results of the interaction factor and other modal properties for strip and SWG waveguides. The comparison depicts the enhancement of the interaction factor obtained with SWG when the parameters are well optimized. Simulations show how the SWG period can be tuned to exploit the slow-light effect that scales linearly with the group index, which drastically increases close to the band edge. In Section V, the sensor performance of the proposed slow-light SWG waveguide is also estimated. Discussion and conclusion follow on the merits of using SWG waveguides for TDLAS sensing.
II. MODEL: BEER-LAMBERT LAW AND INTERACTION FACTOR
In this section, we start with the usual description of absorption spectroscopy using the Beer-Lambert law to describe the impact of using slow-light on the sensor's response. At the sensing waveguide output, the transmitted power P is given by
where P 0 is the power injected in the sensing waveguide, ϵ is the molar absorption, C is the concentration, α is the propagation loss and L is the sensing waveguide length. The dimensionless interaction factor γ, can be derived using the perturbation theory [18] . It is given by
that takes into account the slow-light enhancement effect through the waveguide group index n g and the filling factor defined by
where is n the real part of the refractive index and E is the electric field of the waveguide mode. The filling factor f corresponds to the fraction of the modal intensity that is in the air and that can interact with the methane. The integral in the numerator is spatially restricted in the air region, where the absorption by the methane occurs, whereas the integral at the denominator is on the whole unit cell volume. For SWG waveguides, the average group index [36] and the modal effective index are calculated from the band structure using the following definitions
where K x is the Bloch wave vector along the propagation direction of the supported Bloch mode at the angular frequency ω and c 0 is the speed of light in vacuum. The sensitivity and the limit of detection are useful performance metrics of a gas sensor [37] . The sensitivity S is defined as the variation of the transmitted signal, in this case the detected power, as a function of the concentration of the analyte. It can be obtained by deriving (1) with respect to C:
The limit of detection LoD corresponds to the minimum concentration that can be detected by the sensor. It depends on the minimal output signal δP min needed to be resolved from the noise of the photodetector.
From δP min = P (C = 0) − P (C = LoD), we find using (1)
and using the first order of Taylor's series expansion
From (6) and (8), we see that maximum sensitivity and minimum LoD both require maximizing the interaction factor γ whereas the propagation loss α should be minimized. From (2), we see that large γ is achieved by maximizing f and n g , which can be accomplished by SWG waveguides.
III. DESIGN CONSIDERATIONS FOR SWG WAVEGUIDES
In this work, we examine configurations of silicon photonic waveguide methane sensors at a wavelength of λ = 1651 nm that are compatible with the CMOS fabrication process. The UV lithography, and the subsequent etching, put constraints on the device feature size and achievable loss that must be taken into account in the design. More specifically, we consider standard technology accessible through multi-project runs, i.e., a buried oxide (BOX) thickness of 2 μm and a silicon height, h, fixed at 220 nm as typical values for silicon-on-insulator waveguides. The minimal feature size is 150 nm, to be compatible with the deep-UV photolithography patterning resolution. In this study, the mode of interest for the SWG waveguide is the TE 0 mode because the TM 0 mode is unguided or very weakly guided when the upper cladding is air at the wavelength of interest.
Propagation loss is caused by a sum of effects that include leakage loss and scattering loss. To have negligible leakage loss, the modal confinement should be high enough so that the electric field is negligible in the silicon substrate, under the buffer oxide region. In this work, we follow a design rule previously proposed in [38] , which states that the mode effective index n eff must be higher than 1.65 when the buffer oxide thickness is 2 μm. In SWG waveguides, the propagation loss increases with larger duty-cycle [39] , [40] because of the higher interaction between the electric mode field and the sidewall roughness. We fix the duty-cycle of the SWG waveguide at 50% to be compatible with the CMOS fabrication process for which the actual minimum feature size (∼150 nm) is equal or slightly higher than half of the period. Although some general guidelines and design rules can be followed at the design stage of the strip or SWG waveguide to minimize propagation loss, it eventually becomes necessary to experimentally compare total propagation loss for different geometries and parameters considering the sum of phenomena that can contribute to the loss.
Mask resolution, limited by exposure grid, and fabrication imperfections, such as stitch errors, can further create a jitter of a few nanometers in the position and size of the SWG segments. Such perturbations create an unwanted coupling between the forward and backward propagating Bloch modes, resulting in a degradation of the transmission. This is called the disorder effect and it scales as the modal confinement increases [41] . This effect should be negligible for our selected SWG waveguides that are optimized to have a high filling factor for spectroscopy applications as the modal confinement in the core will correspondingly be low.
In [40] , the authors compare the performance of the strip and SWG waveguide for sensing by simulations, taking into account the propagation loss from the sidewall roughness in the design methodology. They conclude that a strip waveguide using the TM 0 mode is the optimal waveguide type for absorption sensing because it has a lower propagation loss than the SWG waveguide. However, the scattering loss caused by the top and bottom surface roughness [42] and leakage loss in the substrate were not taken into account in the analysis. Therefore, the propagation loss of the TM 0 mode of the strip waveguide is underestimated because its mode profile has an important evanescent tail towards the substrate (in the z direction). Further, it should be noted that in [40] , the simulated SWG waveguide had fixed values for its width and period. Therefore, the structure was not optimized to minimize the loss and maximize the interaction factor. Because of the small width that was used (w = 550 nm, for λ = 1550 nm) for the SWG, a high duty-cycle of 60-90% had been used to adequately guide the mode. These choices result in higher propagation loss. Also, because of its fixed period and its operation in the deep-SWG regime (i.e., far from the band edge), the SWG in [40] did not exploit the potential of the slowlight enhancement. Finally, experimental measurements show that the reported propagation loss of SWG waveguides (α = 2.6 dB/cm [34] ) compares favorably to the reported propagation loss of a strip waveguide for TM 0 mode (α = 3.5 dB/cm [43] ). For these reasons, we believe that SWG must be first be optimized before conclusions are drawn. In the following section, we examine how to design SWG waveguide with enhanced performance for gas sensing and perform comparison with strip waveguides.
IV. SIMULATIONS OF STRIP AND SWG WAVEGUIDES
In this section, we simulate strip and SWG waveguides using FDTD with a commercial software to calculate waveguide parameters, such as filling factor and group index, that determine the interaction factor. Strip waveguide properties are calculated as a function of waveguide width, while for SWG waveguides both width and period are varied. The tolerance of the selected SWG waveguide designs is studied. 
A. Strip Waveguide
As a comparison to the SWG waveguide, we consider a conventional strip waveguide and examine both the fundamental quasi-transverse electric TE 0 and the fundamental quasitransverse magnetic TM 0 mode (see Fig. 2 ). Simulations are carried out using the 2D finite difference eigenmode solver (Mode Solutions from Lumerical). The filling factor f , is evaluated with Eq. (3), but the integrals are calculated on the cross-section of the waveguide, instead of on the volume of a unit cell, because the field spatial distributions of the modes are invariant along the propagation direction. Group index enhancement is also taken into account but it is usually relatively small since n g typically varies between 2 and 3 for TM 0 mode (TM 0 mode has a higher filling factor than TE 0 ).
The strip waveguide properties f and n g , as well as the resulting, γ are shown as a function of the waveguide width within the single-mode operation regime in Fig. 3 . The interaction factor has a maximum value of for the TM 0 mode at w = 630 nm, and γ = 0.17 for the TE 0 mode at w = 480 nm.
B. Subwavelength Grating Waveguide
Simulations of the SWG require mode calculations over a unit cell and are done with 3D FDTD (Lumerical Solutions FDTD) . The simulations are performed with Bloch boundary conditions in the propagation direction along one period. This method is computationally expensive compared to some approximation methods such as the Maxwell-Garnett effective medium theory [44] or the equivalent effective refractive index method (volumetric averaged refractive index approximation) [45] , but it is required in order to simulate the Bloch mode field profile and the group index accurately [32] . 3D FDTD simulations are also valid near the Bragg period, contrary to the other abovementioned methods.
For each set of SWG waveguide geometry parameters (i.e., width w and period Λ, see Fig. 1(b) ), band structure calculations are done to extract the resonant Bloch wave vector, the mode effective index, and the group index at the wavelength of interest (λ = 1651 nm). Note that the duty cycle remains fixed at 50%. The photonic band structure for the TE modes of a SWG waveguide is presented in Fig. 4 and shows a single mode behavior. The transmission band for the SWG waveguide structure is below the band gap and the star corresponds to the design with the slow-light enhancement.
The electric field profile of the fundamental Bloch mode is simulated in the same way with the now known resonant Bloch wave vector at λ = 1651 nm for the given geometry. We introduce a field monitor on the entire simulation region to simulate the electric field spatial profile. Results for different crosssections are shown in Fig. 5 . A large fraction of the electric field of the Bloch mode is in the air due to the periodic segmentation and the lower confinement.
The SWG waveguide properties, including the wave vector K x and effective index n eff , in addition to f, n g , and the resulting γ, are shown as a function of the subwavelength grating period for different waveguide widths in Fig. 6 .
The filling factor increases as the width decreases because of the lower confinement in the core, but does not vary significantly as a function of the period, unlike photonic crystal waveguides where it decreases as the group index increases [18] . The simulated SWG waveguides achieve a filling factor f ∼ 0.2, twice larger than the optimal filling factor of the strip waveguide using the TM 0 mode.
In the deep subwavelength region, for K x 0.35, the wave vector is quite linear as a function of the period, resulting in a linear effective index and a constant group index. We obtain an interaction factor close to γ = 0.5 for all of the SWG with different widths simulated in this region. A possible SWG waveguide design in the deep-subwavelength region, with a modal effective index higher than 1.65 to have negligible leakage loss, could have a width of 900 nm and a period of 350 nm. This corresponds to an interaction factor γ = 0.56, which is almost a three-fold improvement compared to the optimal γ = 0.19 simulated for the strip waveguide. This is mostly due to the larger filling factor.
As the period of the SWG waveguide approaches the Bragg period and the normalized wave vector approaches the band edge at K x /(2π/Λ) = 0.5, slow-light effect occurs and the group index increases drastically, as well as the interaction factor. Although simulations show that a slow-light enhancement effect up to an order of magnitude higher than in the deepsubwavelength region can be obtained, out-of-plane radiation loss and backscattering loss are expected to scale linearly and quadratically with the group index respectively [46] . Also, as the group index increases, the SWG waveguide becomes less tolerant to fabrication errors (see subsection C) and have a reduced operating bandwidth in which slow-light effect occurs [20] . In our proposed design, we limit the use of the slow-light enhancement to moderate values in order to reach a good compromise between the interaction factor and the propagation loss. As a result, one could select a SWG waveguide having a width of 800 nm and a period of 430 nm that is characterized by a simulated group index n g = 5.6 and an interaction factor of γ = 1.1. This is higher than propagation in free space and corresponds to a six-fold improvement compared to the optimal strip waveguide design.
C. Tolerance
To analyze the tolerance of the optimized structure to fabrication imperfection, we calculate the interaction factor for maximum variations of fabrication non-uniformity. Errors of +/−10 nm on the width, +/−2 nm on the height and +/−5% on the duty-cycle (about 10 nm on each side) are assumed, higher than the 3σ variation non-uniformity of 300 mm wafers with 193 nm immersion photolithography reported in [47] . The expected boundaries for the interaction factor of the fabricated devices are γ deep−SWG = [0.53, 0.63] and γ slow −light = [0.68, 5.2]. Operating in the slow-light region makes the SWG waveguide more sensitive to fabrication imperfections than in the deep-SWG region. However, the slow-light SWG waveguide design still operates below the bandgap in the presence of the fabrication errors and, in some cases, the variations may lead to significantly higher interaction factor than the nominal design, while the minimum is still higher than γ deep−SWG . As the fabrication technology improves, lower nonuniformity is expected. This will enable higher reliability and allows for a design closer to the band edge with an even stronger slow-light enhancement.
V. DISCUSSION
To compare the performance of the proposed waveguide structures, we simulate the transmission spectrum that would be measured at the output. We consider a methane concentration of 1%, and use the HITRAN database [48] to obtain the molar absorption of methane as a function of wavelength. The simulated transmission spectra are shown in Fig. 7 for a strip waveguide, a SWG waveguide operating in the deep-subwavelength region and a SWG waveguide with the slow-light enhancement. The readout of the sensor is the amplitude of the absorption dip in the spectra, which scales with the interaction factor. Despite the small amplitude of the transmission dip, sub-100 ppm limit of detection of methane was already demonstrated experimentally for a strip waveguide on the same SOI platform [14] . From  Fig. 7 , we see that the proposed slow-light SWG should lead to a significant improvement of the signal, i.e., five-fold compared to a strip waveguide and two-fold compared to a deep SWG waveguide. We consider an estimated propagation loss of 3 dB/cm, which is close to the reported propagation loss for SWG waveguides (2.1 dB/cm) [34] and for strip waveguides with TM 0 mode (3.5 dB/cm) [43] . The waveguide length was L = 1.44 cm, corresponding to the optimal length for a maximal sensitivity. The shaded areas show the extrema of the transmission calculated when including parameter variations to represent fabrication errors.
For these waveguide parameters (L = 1.44 cm, α = 3 dB/cm), with an input power in the waveguide of 0.5 mW and a molar absorption of 9.85 L mol −1 cm −1 , the sensitivity of the designed slow-light SWG is estimated to be S = 0.13 nW/ppm (at a concentration of 1.8 ppm = 8.03e-8 mol/L) and the limit of detection is LoD = δP min [W]/(7.710 9 ) ppm. For a minimal detectable power of δP min = SNRNEP(BW) 1/2 = 0.18 nW achieved for a commercial low-cost InGaAs uncooled photodetector (for example Thorlabs FGA015) with a noise equivalent power of NEP = 1.310 −14 WHz −1/2 and limiting the detection bandwidth to BW of 2 MHz and including a signal-to-noise ratio of 10, we obtain an estimated theoretical limit of detection of LoD = 1.42 ppm. The limit of detection of the strip and the deep-SWG waveguides is 7.3 ppm and 2.8 ppm respectively. InGaAs photodetectors can be heterogeneously integrated with silicon-on-insulator waveguides [49] . Another important merit of the SWG waveguide for absorption spectroscopy is its lower backscattering loss compared to the strip waveguide as reported in [50] . This lower loss results from the decreased interaction of the optical field with sidewalls that reduces the scattering loss due to the surface roughness. Lowering the backscattering reduces the fringe interference in the transmission spectrum. The presence of interference fringes, which are sensitive to temperature, can mask the signature of methane absorption lines, limiting device performance [51] , [52] . So in addition to improving the signal, SWG waveguide is expected to lower the noise.
The proposed TDLAS system is specifically designed to detect a single compound. However, similar slow-light SWG devices could also be used for sensing other compounds in air or water through appropriate design of the waveguide and choice of the diode laser source, both operating near the target absorption peak of the compound. We can also envisage parallel detection of multiple analytes on the same chip due to the small size and ease of integration of the device. The mid-IR region is of particular interest because of the presence of fundamental absorption peaks of many molecules that have a much stronger absorption than overtones. In the case of methane, the molar absorption in the ν 3 band at λ = 3.31 μm is about 100 times higher than its second overtone at λ = 1.65 μm. Also, it should be noted that increasing the operating wavelength means relaxing the requirements for the minimum feature size required to operate in the subwavelength regime, which eases fabrication. It will also improve the tolerance to fabrication imperfections and decreases the scattering loss.
Finally, other means of increasing the sensitivity that are compatible with the SWG waveguides for TDLAS include the use of cryptophane-A in a top cladding to trap methane [53] , wavelength modulation [54] , machine learning techniques [55] , and dynamic optical fringe suppression [56] .
SWG in the slow-light regime thus present superior performance for gas sensing. Its simple structure is compatible with designs in spiral configurations for long optical length interaction and compact footprint. Tapers can be designed to couple light from a strip waveguide to the SWG waveguides with low loss [57] , [58] .
VI. CONCLUSION
Simulations results of the interaction factor of segmented SWG waveguides show that this waveguide has a great potential for on-chip absorption spectroscopy sensing. The improvement over strip waveguide structures results from a larger interaction of the mode field with the surrounding air and from a larger group index that can be tuned by adjusting the subwavelength grating period. The slow-light effect can lead to a group index nearly a magnitude higher compared to conventional strip waveguides but a trade-off exists with the propagation loss. The proposed slow-light enhanced SWG waveguide design, with parameters compatible with usual fabrication processes, shows an interaction factor of γ = 1.1, which is a six-fold improvement compared to the optimal strip waveguide design. We expect that this improvement will lead to a lower limit of detection, enabling new applications of on-chip methane detection. This novel waveguide structures could be applied to the detection of other compounds in gases and liquids in the near or mid infrared.
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